The cellulosome from the anaerobic thermophilic bacterium Clostridium thermocellum is a multiprotein complex capable of efficient hydrolysis of plant wall material (3) (4) (5) (6) 12) . It contains more than 26 polypeptides, the majority of which are enzymes with endo-and exoglucanase, mannanase, lichenase, xylanase, feruloyl esterase, and acetyl xylan esterase activities (4, 7, 27, 35) . Catalytic components of the cellulosome are composed of at least a catalytic domain and a dockerin domain (5) . The enzymes are organized into a complex by their attachment to nonhydrolytic cellulosome-integrating protein CipA, consisting of nine highly homologous cohesive domains (14) specifically binding to the dockerin domains of catalytic subunits (38, 46) , a family III cellulose-binding domain (CBD CipA ) (36, 42) , and a special dockerin domain interacting with cell wall proteins (30) . Several cellulosomal enzymes have their own CBDs belonging to different families with different expected binding properties. Among the 18 cellulosomal catalytic components whose amino acid sequences have been analyzed, eight contain CBDs (4). Thus, CbhA contains an N-terminal family IV CBD and an internal family III CBD (CBD CbhA ) (52) ; CelK, which is highly homologous to CbhA, contains an N-terminal family IV CBD (CBD CelK ) (24, 25) ; CelH has an internal family XI CBD (52) , CelF has an internal family IIIc CBD (38) ; and XynZ, XynA, and XynB have internal family VI CBDs (17, 19) . Representatives of family III CBDs bind to amorphous and crystalline cellulose, and some of them also bind chitin (36, 47) . Family IV CBDs are known to specifically bind to soluble polysaccharides and ASC but not to crystalline cellulose (10, 18, 20, 48) . Family VI CBDs found in xylanases bind to xylan and/or to amorphous cellulose (13, 45, 47) . Family XI is a new family with only four representatives whose binding specificity is unknown (49) . The cellulosome binds to cellulose by means of the CBD CipA (36, 42) . The role of the CBDs found in some catalytic cellulosome components is not clear. These individual CBDs might be involved in tighter association between catalytic domains and cellulose-hemicellulose surfaces and/or in binding to specific parts of polysaccharides favorable for attack by a particular enzyme. However, the properties of CBDs within the catalytic subunits of the C. thermocellum cellulosome have not been studied. Only the CBD CelK has been shown to bind cellulose (24) . In the present paper, we report on the properties and deletion and mutation analysis of the CBD CelK .
MATERIALS AND METHODS
Bacterial strains, culture conditions, and plasmids. C. thermocellum JW20 was used as a source of genomic DNA. The bacterium was grown anaerobically under a nitrogen atmosphere at 60°C in prereduced medium with 1% (wt/vol) cellobiose as described earlier (25) . Escherichia coli BL21 (DE3)pLys (Stratagene Cloning Systems, La Jolla, Calif.) was used as the cloning host for T7 RNA polymerase expression vector pET-21b(ϩ) (Novagen, Madison, Wis.) and grown in Luria-Bertani medium supplemented with ampicillin (100 g/ml).
Isolation of genomic DNA from C. thermocellum. C. thermocellum genomic DNA was isolated by the method of Marmur (32) with the modifications reported earlier (25) .
Primer design, PCR, and cloning. Flanking primers containing restriction sites were designed according to the DNA sequence of celK (25) (Table 1) and synthesized with an Applied Biosystems DNA synthesizer. DNA fragments were amplified by PCR using the primers in combination and purified genomic DNA as the template. PCRs were done on a 480 Thermal Cycler (Perkin-Elmer, Norwalk, Conn.). The reactions were carried out with Vent DNA polymerase (New England Biolabs, Beverly, Mass.). The annealing temperature was 54°C, and the extension time was 2 min. PCR products were separated by 1% agarose gel electrophoresis and extracted from the gel using the Geneclean II kit (Bio 101, Inc., La Jolla, Calif.). The extracted DNA fragments were digested with restriction enzymes and ligated to the pET-21b(ϩ) vector linearized with the same enzymes. The ligation products were used to transform BL21(DE3)pLys competent cells. Each construct was verified by both restriction analysis and DNA sequencing.
Site-directed mutagenesis. Plasmid pET-21b(ϩ) containing the DNA fragment encoding the CBD CelK served as the template for all PCRs. Amino acid residues of interest were individually changed to alanine using the oligonucleotide primers listed in Table 1 . PCRs with mutagenesis primers were done using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). PCR products were used to transform BL21(DE3)pLys competent cells. Plasmid DNA in each case was isolated and sequenced. Mutants possessing the correct nucleotide changes were used for further study.
Protein purification. The CelK proteins composed of the CBD CelK and the catalytic domain with a molecular mass of 94 kDa (CelK94) and the catalytic domain alone with a molecular mass of 74 kDa (CelK74) were purified as described earlier (24) . All other proteins were purified from E. coli BL21(DE3)pLys cultures (2 liters) harboring pET-21b(ϩ) with the DNA fragment of interest and harvested 5 h after induction with 2 mM isopropyl-␤-Dthiogalactopyranoside. All steps were done at 4°C, except fast protein liquid column chromatography, which was run at room temperature. The cells were collected, washed with 20 mM Tris-HCl buffer (pH 7.5), and disintegrated with a French press. Cell debris was removed by centrifugation. Ammonium sulfate was added to the clear supernatant to 40% saturation. After 2 h of stirring on ice, precipitated protein was collected by centrifugation, dissolved in a minimal volume of buffer, and dialyzed overnight. The dialyzed sample was applied to a DEAE-Sepharose CL-6B (Pharmacia Biotech, Inc., Cotati, Calif.) column and eluted with a gradient of 0 to 1 M NaCl. Fractions containing CBDs were combined, concentrated by ammonium sulfate precipitation, dialyzed, applied to a TSK3000 SW stainless steel column (TosoHaas, Montgomeryville, Pa.), and eluted with 20 mM Tris-HCl buffer, pH 7.5, containing 0.1 M NaCl.
SH group estimation. Free SH groups were identified using 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB; Sigma, St. Louis, Mo.) in native and denaturing buffers (1) . Sodium phosphate (0.1 M; pH 8.0) was used as the native buffer. Denaturing buffer contained 6 M guanidine chloride. A 412 was recorded periodically at room temperature, and the number of SH groups that reacted was determined by using a molar absorbance coefficient for nitrothiophenylate of 14,150 cm Ϫ1 M Ϫ1 . In the case of denaturing buffer, an E 412 of 13,700 cm Ϫ1 M
Ϫ1
was used. When the absorbance reached a maximum, titration was regarded as complete. Disulfide thiols were determined by the following procedure (2) . Free SH groups in the protein were carboxymethylated by using freshly crystallized iodoacetic acid (Sigma). The reaction was done in 0.6 M Tris-HCl (pH 8.6) containing 6 M guanidine chloride at 37°C for 30 min. After extensive dialysis against 0.1 M Tris-HCl (pH 8.0), freshly prepared dithiothreitol was added to a final concentration of 50 mM. The sample was incubated at room temperature in a nitrogen atmosphere for 2 h. The excess dithiothreitol was eliminated by extensive dialysis against 0.1 M Tris-HCl (pH 8.0) containing 6 M guanidine chloride. Reduced thiol groups were determined with DTNB as described above.
Metal content. The metal content of proteins was determined by plasma emission spectrophotometry (Jarrell-Ash 965 ICP). Each datum point was a mean of three replicates.
Analytical gel exclusion chromatography. The chromatographic behavior of CBDs was studied by using Superose 12 HR10/30 and Superose 6 HR10/30 columns (Pharmacia) at flow rates of 0.5 and 0.2 ml/min, respectively. The buffer used was 20 mM Tris-HCl (pH 7.5) containing 0.1 M NaCl and 0.05% NaN 3 . The sample volume was 100 l. The standard proteins aldolase (158 kDa), ovalbumin (45 kDa), bovine serum albumin (68 kDa), chymotrypsinogen A (25 kDa), and cytochrome c (12.5 kDa) (Combithek; Boehringer Mannheim, Indianapolis, Ind.) were used for column calibration.
Protein determination. During purification protein was determined with Coomassie Protein Assay Reagent (Pierce, Rockford, Ill.). In other experiments, protein concentrations were determined on the basis of A 280 values. Each sample was centrifuged at 20,000 ϫ g for 60 min and then extensively dialyzed against 20 mM Tris-HCl (pH 7.5) buffer. The absorbance was read against dialysis buffer (used as a blank). Molar absorption coefficients (calculated from aromatic amino acid [tryptophan and tyrosine] content) were 43,400 cm Ϫ1 M Ϫ1 for the CBD CelK and D192A, cm Ϫ1 M Ϫ1 40,600 for the CBD-N CelK , 37,800 cm Ϫ1 M Ϫ1 for W56A and W94A, and 42,000 cm Ϫ1 M Ϫ1 for Y111A and Y136A. The molecular masses of the polypeptides were calculated from their deduced amino acid sequences.
Cellulose-binding assay. Adsorption assays were done at a room temperature in 1.5-ml microcentrifuge tubes. Proteins were mixed with cellulose (1 g/liter) in 
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CBD Celk FROM C. THERMOCELLUM CELLULOSOME50 mM sodium citrate buffer (pH 6.0) in a final volume of 0.5 ml. Tube contents were continually mixed by rotation. After equilibrium for 2 h, cellulose and bound protein were removed by centrifugation at 10,000 ϫ g for 10 min at room temperature. Centrifugation was repeated twice to ensure the removal of all of the cellulose. The concentration of unbound protein was then determined. The concentration of bound protein was calculated from the difference between the initial protein concentration and unbound protein. Each datum point was the mean of five replicates. Adsorption to cellulose was analyzed with the computer program GraphPad Prism using the one-side binding hyperbola equation describing the binding of a ligand to a receptor that follows the law of mass action.
The fit converged for all sets of data. The algorithm minimized the sum of the squares of the actual distances of the points from the curve. To determine the relative equilibrium association constant K r , which can be used to compare the affinities of various related ligands for a given preparation of cellulose, we used the method of Gilkes et al. (15) . Celluloses used. Acid-swollen cellulose (ASC) was prepared by treatment of Avicel PH-101 (Fluka Chemical Group, St. Louis, Mo.) with phosphoric acid (26) . Bacterial microcrystalline cellulose (BMCC) from Acetobacter xylinum was a gift from Naoki Nishimura, the general manager of the Bio-Polymer Research Co.
Affinity electrophoresis. Affinity electrophoresis using polyacrylamide gels with polysaccharide ligands was performed as described by Tomme et al. (48) , with some simplification. We used the Laemmli system for electrophoresis (29) , excluding sodium dodecyl sulfate (SDS) from all solutions. The separating gel contained 10% acrylamide. The polysaccharides were incorporated into the gel at a concentration of 0.1% prior to polymerization. A control gel without glycan was prepared and run simultaneously. Protein samples were loaded onto gels in a standard loading buffer without SDS. Electrophoresis was run at 4°C and 100 V for 2.5 h. Proteins were visualized by Coomassie blue staining.
Sedimentation equilibrium centrifugation. Sedimentation equilibrium centrifugation was performed using an XL-A analytical ultracentrifuge (BeckmanCoulter Inc., Palo Alto, Calif.) operated at 18,000 rpm and 20°C. After 24 h of centrifugation, the A 280 was scanned in three cells. A default partial specific volume of 0.79 cm 3 /g and a density of 1.00 g/cm 3 were used. The solvent was 0.02 M Tris-HCl buffer, pH 7.5, containing 0.1 M NaCl. The data were analyzed using the software supplied with the centrifuge.
CD spectra. Circular dichroism (CD) measurements were carried out at 25°C on a Jasco J-710 spectropolarimeter with a quartz cell with a 1.0-mm path length. The cell temperature was controlled to within Ϯ0.1°C by circulating water via a Neslab R-111 water bath through a cell jacket. The results were expressed as mean residue ellipticity (MRE), which is defined as MRE ϭ 100MRE obs /lc, where MRE obs is the observed MRE in degrees, c is the residue concentration (moles per liter), and l is the light path length in centimeters. The spectra obtained were averages of five scans. The spectra were smoothed via an internal algorithm in the Jasco software package, J-700 for Windows. Secondary structure was estimated by utilizing the MRE value at 222 nm. Taking peptide length into account, %Helix ϭ 100[MRE]/39,500(1 Ϫ 2.57/n), where n is the number of residues. All protein samples were in 10 mM Tris-HCl buffer (pH 7.5) at a concentration of 10 M.
RESULTS
Protein purification. The CBD CelK , D192A, W94A, and Y136A were expressed as soluble polypeptides, while W56A and Y111A were distributed between cytosolic and inclusion body fractions. All proteins were purified from the soluble fractions close to homogeneity as revealed by SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 1) .
Metal content. One mole of the CBD CelK contained 1 mol of Ca and very small amounts of Cu and Zn ( Table 2 ). The CBD CelK tightly binds calcium. Thus, incubation of the CBDCelK with 5 mM CaCl 2 or 10 mM EDTA in 20 mM Tris-HCl buffer (pH 7.5) overnight at 4°C, followed by intensive dialysis against the same buffer without CaCl 2 or EDTA, did not significantly affect the calcium content. Dialysis buffer was used in all cases as a blank. The calcium content of Y111A, Y136A, W56A, and W94A was similar to that of the CBD CelK . D192A contained only a trace amount of calcium ( Table 2) . CelK . The kinetic profiles of the reaction of CBD CelK thiol groups with DTNB are given in Fig.  2 . Under denaturing conditions, three SH groups were available for rapid DTNB titration. (Fig. 2A) . In native buffer, one SH group reacted with DTNB within a few minutes while the second and third SH groups were more resistant and needed approximately 2 and 20 h, respectively, for a complete reaction (Fig. 2B) . After carboxymethylation of the free thiols, followed by the reduction of disulfide thiols, DTNB titration revealed two additional SH groups (Fig. 2C) . The results show that of the five cysteine residues of the CBD CelK , three are present as free SH groups and two form one disulfide. Molecular masses of CBD CelK , the CBD-N CelK and mutant CBDs. The molecular mass of the CBD CelK calculated from the deduced amino acid sequence (amino acid residues 28 to 197) is 19,640 Da. The freshly purified CBD CelK was a monomer with a molecular mass of 21 kDa as determined by gel filtration. Chromatography of the same preparation after storage at 4°C for 3 weeks revealed a mixture with a second peak of 43 kDa corresponding to a dimer form of the CBD CelK . Sedimentation equilibrium analysis of this preparation also revealed two fractions with molecular masses of 18.9 and 39 kDa. Treatment with ␤-mercaptoethanol resulted in conversion of the dimer into a monomer, indicating intermolecular disulfide formation. SDS-PAGE of the dimer in the presence of ␤-mercaptoethanol showed a polypeptide with a molecular mass of approximately 19 kDa, and SDS-PAGE in the absence of ␤-mercaptoethanol showed a polypeptide of 45 kDa (data not shown). The freshly purified CBD-N CelK , D192A, Y111A, and Y136A were monomers. W56A and W94A appeared as high-molecular-mass aggregates eluting from the Superose 6 column as an irregular, broad peak between blue dextran (2,000 kDa) and ferredoxin (480 kDa). Incubation with ␤-mercaptoethanol resulted in partial conversion of these aggregates into monomers, suggesting that intermolecular disulfide bonds were not totally responsible for aggregate formation.
Status of thiols in the CBD
Binding to cellulose. The fresh monomeric CBD CelK bound to both ASC and BMCC (Table 3) . It bound to ASC with a capacity of 16 mol/g of cellulose and a K r of 2.3 liters/g. Its BMCC-binding capacity was 3.95 mol/g of cellulose, and its K r was 9.9 liters/g ( Table 3 ). The dimer did not bind to cellulose (data not shown). The CBD-N CelK and D192A bound ASC and BMCC with parameters similar to those of the CB-D CelK . The binding capacities and K r s of Y136A and Y111A were significantly lower. Thus, Y136A bound to ASC and BMCC with capacities of only 3.46 and 0.944 mol/g of cellulose and K r s of 0.375 and 1.06 liters/g, respectively. Y111A bound to ASC with a capacity of 1.39 mol/g of cellulose and an undetectable K r and did not bind to BMCC. W56A and W94A had no ability to bind to ASC and BMCC (Table 3) Binding to soluble polysaccharides. Previously, we reported on the substrate specificity of CelK, which was found to hydrolyze such soluble substrates as lichenin, glucomannan, and barley ␤-glucan but not galactomannan and xylan. Carboxymethyl cellulose (CMC) was hydrolyzed at a low rate (24) . CBD CelK binding to polysaccharides was investigated by native PAGE with and without polysaccharides using CelK94 (with the CBD CelK ) and CelK74 (composed of a single catalytic domain without the CBD CelK ) (24) (Fig. 3) . Comparison of the electrophoretic behaviors of proteins revealed that CelK74 mobility was not affected by the presence of any ligand. In contrast, the mobility of CelK94 in the presence of barley ␤-glucan, lichenin, and glucomannan was decreased in com- parison with that of samples run in the presence of xylan, galactomannan, or CMC or without ligands. These results indicate that CelK74 did not bind to any of the ligands tested, whereas CelK94 bound to those ligands which were substrates for the catalytic domain, and that this binding was mediated by the CBD CelK . CD spectra. The far-UV CD spectrum of the monomeric CBD CelK contained a single strong negative band with a maximum at approximately 217 nm, suggesting the presence of almost exclusively ␤-sheets in the secondary structure of the domain characteristic of all known CBDs. The CD spectra of the dimer and all variants, even those of the CBD-N CelK (not shown) and D192A, with properties similar to those of the wild-type CBD CelK , differed from the spectrum of the CBDCelK (Fig. 4) .
DISCUSSION
To date, almost 200 CBDs have been classified, on the basis of amino acid similarities, into 13 different families. These domains vary in size, occur in different positions within the polypeptides, tend to be associated with particular families of catalytic domains, and have different binding properties (47) . Analyses of three-dimensional structures revealed the folding characteristic these domains have in common. However, it has been noted that the binding surfaces vary depending on the binding specificity of the CBDs. A comparison of the crystal structure of a family III CBD CipA which binds to both amorphous and crystalline celluloses (50) with the solution structures of the family IV Cellulomonas fimi CBD N1 and CBD N2 , which have specificity only to amorphous cellulose (8, 20) , revealed that the cellulose-binding surfaces of these domains are different. In all cases, the binding surfaces were formed by residues typically involved in protein-carbohydrate interactions which rely on hydrophobic van der Waals forces, usually involving aromatic residues, and on hydrogen bonding networks by polar side chains. However, the binding surface of the CBD CipA was characterized by a linear and strikingly planar array of polar and aromatic residues which can be aligned with the glucose moieties of cellulose (3, 50) . The family II C. fimi CBD Cex (51) and the family I T. reesei CBD CBHI (28) , which also bind crystalline cellulose, have similar flat binding surfaces. In contrast, the CBD N1 and the CBD N2 have binding clefts with a strip of hydrophobic amino acid residues running along the middle of the clefts (8, 20) . Based on the differences between the binding surfaces of the CBD CipA and the CBD N1 , an explanation of the binding specificity of the latter domain has been suggested. The hydrophobic residues that mediate binding are located within the cleft and, as a result, are unable to interact with the flat surface presented by crystalline cellulose. However, single strands of soluble polysaccharides and amorphous cellulose are able to lie within this groove (20) .
In addition to the CBD N1 and the CBD N2 , two other repre- sentatives of family IV, CBDs from Rhodothermus marinus Xyn1 (CBD Xyn1-1 and CBD Xyn1-2 ) do not bind to crystalline cellulose (18) . It has been postulated that family IV includes CBDs with a binding cleft and the ability to bind to amorphous but not to crystalline cellulose. The family IV CBD CelK reported here is the only representative of the family with an affinity for crystalline cellulose. Correspondingly, the binding surface of the CBD CelK might be different from the binding clefts of the CBD N1 and the CBD N2 , resembling the flat surface of CBDs binding to crystalline celluloses.
The cysteine content of the representatives of CBD family IV, except the CBD CelK and the CBD CbhA , varies from two to zero ( Fig. 5A and B) . The CBD N1 , the CBD N2 , the Streptomyces reticuli CBD Cel1 , and the Thermomonospora fusca CBD E1 all have two highly conserved cysteine residues (Fig. 5A) . Probably all four CBDs have an internal disulfide affecting their correct folding. The CBD CelK and the CBD CbhA have five cysteine residues, none of which is aligned with the cysteine residues of the other family members (Fig. 5B) . In the CBDCelK , two of the cysteine residues form an internal disulfide bond that is important for biological function of the domain. One SH group in the CBD CelK is probably on the surface of the protein, as it is immediately available for DTNB titration under native conditions. This SH group is the most likely candidate for the formation of the inactive dimer.
The CBD CelK contains 1 mol of calcium per molecule. It has been indicated that calcium of CBDs may not be involved in binding to cellulose. Thus, calcium-binding sites in the CBDCipA and the CBD N1 are located apart from the cellulosebinding surfaces (20, 49) . Residues ligating calcium are not conserved in many cases (21, 47, 50) . Replacement of one of the calcium-ligating residues in the CBD SbpA from mesophilic C. cellulovorans did not change its binding properties (16) . Elimination of a single calcium from the CBD N1 did not affect binding to cellulose (16, 20, 21) . The CBD Cex and the CBD N2 do not contain calcium but bind to cellulose (8, 21, 51) . In contrast to the CBD N1 , the CBD CelK tightly binds calcium which is similar in this regard to the CBD CipA calcium, which is bound in a cavity and is not accessible to the solvent (50). We could not obtain the apo-CBD CelK , even after treatment with EDTA under denaturing conditions. However, the calciumfree CBD CelK was obtained after mutation of Asp192 into alanine. This D192A mutant had binding parameters very close to those of the CBD CelK , thus demonstrating that calcium does not affect cellulose binding. Data on the stabilizing effect of calcium are contradictory, and the exact role of this element in CBDs is still not clear. Elimination of calcium from the CBD N1 resulted in decreased thermodynamic stability (20, 21) . The postulated calcium-binding site in the CBD N1 was adjacent to the disulfide bond critical for the integrity of the native CBD N1 . There is probably a combination effect of metal binding and cysteine oxidation on CBD N1 stability (11, 21) . In contrast, a comparison of the highly similar CBD N1 and CBD N2 revealed that the CBD N2 is significantly more stable even though it does not bind calcium (8) .
We previously showed the amino acid alignment of nine members of CBD family IV (Fig. 6 of reference 25) . The alignment revealed four aromatic and one aspartic amino acid residues that are highly conserved. In the CBD CelK , these residues correspond to Trp56, Trp94, Tyr111, Tyr136, and Asp192. The mutation of the highly conserved aromatic residues in the CBD CelK resulted in significant changes in several properties of the mutant forms. W56A and W94A totally lost cellulose-binding ability. Y111 bound ASC very weakly. Y136A bound both ASC and BMCC but with significantly decreased efficiency in comparison to the CBD CelK . Expression of the CBD CelK and Y136A in E. coli yielded soluble monomeric polypeptides. W94A appeared as soluble but high-molecularmass aggregates. W56A and Y111A were distributed between cytosolic and inclusion body fractions. Purified from the cytosolic fraction, Y111A was a monomer while W56A formed aggregates. The CD spectra of the mutant forms differed from the CD spectrum of the CBD CelK . All of these observations demonstrated structural changes in all of the mutated CBDs. We suggest that Trp56, Trp94, and Tyr111 might promote cellulose binding by keeping the domain correctly folded. Tyr136 corresponds to Tyr85 in the CBD N1 , which is located in a groove near the binding cleft and was suggested to participate in the binding mechanism (20) . In the CBD CelK , Tyr136 might have a surface location and be directly involved in binding to cellulose.
Based on the sequence similarities, properties, and structural data of the CBD N1 and the CBD N2 , we suggest that family IV should be divided into two subfamilies, IVa and IVb (Fig. 5) . Subfamily IVa includes the CBD N1 , the CBD N2 , the CBD E1 , and the CBD Cel1 (Fig. 5A) . Subfamily IVb incorporates the remainder of family IV: the CBD CelK , the CBD CbhA , the two CBDs of C. thermocellum LicA (the CBD LicA-1 and the CBD LicA-2 ), the C. cellulolyticum CelE CBD (the CBD CeIE ), the Thermotoga neapolitana LamA CBD (the CBD LamA ), and the two CBDs from R. marinus (the CBD Xyn1-1 and the CBD Xyn1-2 ) (Fig. 5B) . The reasons for such a classification are as follows. Subfamily IVa CBDs are over 39% homologous. They contain two highly conserved cysteine residues. Residues corresponding to those forming the binding surface in the CBD N1 are much more conserved in subgroup IVa than in IVb. The CBD N1 and the CBD N2 bind soluble polysaccharides and amorphous but not crystalline cellulose and are very similar in the topology of their binding clefts. Subfamily IVb is more heterogeneous (Fig. 5B) . Sequence homology, except between the CBD CelK and the CBD CbhA , which are highly homologous (24, 25) , is about 30% or less; no cysteine residues are conserved, and the number of cysteines varies. This subgroup also differs from subfamily IVa in binding specificity. Thus, the CBD Xyn1-1 and the CBD Xyn1-2 bind to insoluble xylan in addition to soluble polysaccharides and amorphous cellulose; the CBD CelK is remarkable for its affinity for crystalline cellulose. Determination of the three-dimensional structure of the CBD CelK , clarifying the role of its high cysteine content and the topology of its binding surface, is in progress.
